ABSTRACT: Thermally-induced gelation in aqueous solutions of methylcellulose (MC) and hydroxypropyl methylcellulose (HPMC) has been studied by rheological, optical microscopy and turbidimetry measurements. The structural and mechanical properties of these hydrogels are dominated by the interplay between phase separation and gelation. In MC solutions, phase separation takes place almost simultaneously with gelation. An increase in the storage modulus is coupled to the appearance of a bicontinuous structure upon heating. However, a thermal gap exists between phase separation and gelation in the case of HPMC solutions. The storage modulus shows a dramatic decrease during phase 2 separation, and then rises in the subsequent gelation. A macroporous structure forms in the gels via "viscoelastic phase separation" linked to "double phase separation".
Introduction
Methylcellulose (MC) and hydroxypropyl methylcellulose (HPMC) are important commercial cellulose ethers that have been widely used in personal care products, 1, 2 foods, 3-5 pharmaceutical applications [6] [7] [8] [9] [10] [11] [12] and construction materials. 13, 14 Unusually, aqueous solutions of these materials exhibit inverse solubility-temperature behaviour, where the polymer solubility decreases with increasing temperature above a lower critical solution temperature (LCST). The solutions undergo a sol-gel transition upon heating, returning to a solution state on cooling. Furthermore, the gelation of such a system is coupled to an increase in turbidity due to phase separation. To date, the gelation mechanism of MC and HPMC is still poorly understood, although many hypotheses have been proposed. Gel formation has been generally accepted as a competition between hydrophilic and hydrophobic interactions. [15] [16] [17] [18] The hypothesis is that at a low temperature water molecules form a "cage structure" [19] [20] [21] around hydrophobic segments along the polymer chains to raise the solubility of polymer in water. With increasing temperature hydrogen bonds become weaker and the "cage structure" is sufficiently disrupted at the gelation temperature to facilitate phase separation. The exposed but still hydrated hydrophobic segments subsequently aggregate together forming a bicontinuous network.
The structural and rheological properties of MC and HPMC gels have been extensively studied since 1935. [22] [23] [24] Recently, Takeshita et al. 25 investigated the evolution of structure with time in aqueous solutions of MC by small angle light scattering (SALS). The data indicate that liquid-liquid phase separation takes place via spinodal decomposition. Furthermore, Villetii et al. 26 found that in MC/NaCl solutions the mechanism of phase separation is also spinodal decomposition. Kita et al. reported 27, 28 that phase separation is limited by gelation in HPMC solutions. They suggest that a spontaneous pinning of spinodal decomposition occurs, as the structure formed in a shallower quench has a larger domain length than that formed by a deeper quench. On the other hand, it was found that MC hydrogels 3 provide a much higher gel modulus than HPMC hydrogels; the former are normally considered as "firm gels" and the latter as "weak gels". Interestingly, the development of moduli in aqueous MC is dramatically different to that in aqueous HPMC during the sol-gel transition. [29] [30] [31] [32] For HPMC solutions, as temperature is raised, a sudden drop in the storage modulus is observed followed by an increase as gelation occurs. In contrast for MC solutions no sharp drop appears, the solutions merely thicken as temperature is increased.
Structural information in physical gels has attracted a great deal of interest, because it is associated with the physicochemical formation of network junction points as well as the fundamental properties of gels. According to Flory's structural classification 33 , thermoreversible gels generally belong to the third type, in which "networks formed through physical aggregation, predominantly disordered, but with regions of local order". Te Nijenhuis 34 subdivided thermoreversible gels into different groups based on the mechanisms of physical interactions. For some synthetic polymers such as poly(vinyl chloride) and poly(vinyl alcohol), crystallization forms network junctions during gelation. 35 In many biopolymer gels, including gelatin, agarose and carrageenans, the helix-coil transition causes the formation of a continuous network. 36, 37 Phase separation is observed in atactic polystyrene and some block copolymer solutions during gel formation. 38 In other cases, gelation can be induced by complex formation 39 or mesogenic interactions 40 . We found that for both MC and HPMC materials phase separation occurs prior to gelation. Hence, it is proposed that phase separation is responsible for gelation in these systems.
Although the thermal gelation behaviour of aqueous cellulose ethers has been intensively studied in the past, 41, 42 there has been little work on the interplay between phase separation and gelation. The aim of this article is to explore the growth of gel modulus and the development of structure upon heating, with the goal of understanding the complex thermal behaviour of these systems. The rheological behaviour of MC and HPMC solutions during gelation was monitored by using rheology, whereas the development of structure was probed independently by optical microscopy. As these experiments were performed under a similar thermal programme, it is possible to reveal the relationship between structural 4 and mechanical properties during the coupling process of gelation and phase separation. Additionally, the molar substitution (MS) describes the number of moles of hydroxypropyl groups per mole of anhydroglucose unit for HPMC. Table 1 lists METHOCEL 1 cellulosic ether materials that were provided by The Dow Chemical Company. In order to compare the gelation properties of one material with another, the materials were chosen to have similar molecular weights and polydispersities.
Polydimethylsiloxane oil was purchased from Aldrich and used as received. 
Solution preparation
The supplied MC and HPMC contain approximately 2 to 5 wt% of water. In order to prepare solutions at the target concentrations, materials were dried in a vacuum oven at 70 °C overnight to remove the residual water. Solutions of cellulose ethers were prepared by a "hot water" method to prevent powder agglomeration during dissolution. Approximately half the required volume of de-ionised water was heated to 80 °C, the pre-weighed material was then introduced to the hot water under vigorous stirring.
Once the pre-dried powder was thoroughly dispersed, the remainder of the water was added and the temperature of mixture was lowered to 5 °C via an ice bath. The mixture was continuously stirred at 5
°C until a transparent solution was observed. Subsequently, a small amount of de-ionised water was added to compensate for water evaporation during solution preparation. Solutions were kept in a refrigerator overnight for full hydration. Air bubbles in the solutions were then minimized under vacuum. All solutions were stored in the refrigerator at 5 °C before use.
Turbidimetric measurements
Turbidimetric measurements were carried out at a wavelength of 500 nm using a UV-vis spectrophotometer (Cary 100). The solution was added into a standard 1×1×5 cm 3 cuvette and then placed in a thermostated multi-cell holder. De-ionized water was used as a reference. Both sample and reference cells were sealed with polydimethylsiloxane oil on the top to minimise water evaporation at high temperatures. The temperature was ramped from 20 to 90 °C and back down to 20 °C at a rate of 1 °C/min. The cloud point was determined by extrapolating the linear region of curve to 100 % transmittance.
Optical microscopy
Optical microscopy was performed using an Olympus, BX50 microscope with a digital CCD camera (Hitachi, KP-D20A). Approximately 2 µl of an aqueous solution was sandwiched between two glass 6 slides and the periphery was sealed with polydimethylsiloxane oil. Micrographs were recorded by the CCD camera with a ×20 objective. A thermal stage (Linkam THMS600) was used to control the temperature. The solutions were heated from 20 to 90 °C and followed by cooling to 20 °C at a rate of 1 °C/min. In order to avoid glass-solution interface effects, the working distance of the objective was focused on a plane inside the solution, away from the cover glass.
Rheological measurements
Rheological measurements were performed on a stress-controlled rheometer (TA AR-G2) with a concentric cylinder (couette) fixture in an oscillatory mode. Approximately 20 ml of solutions was added to the fixture cell and 2 ml polydimethylsiloxane oil was layered over the solution. An additional solvent trap was used to further reduce the rate of water evaporation at high temperatures. For MC solutions, the temperature was ramped from 5 to 90 °C and back down to 5 °C at a rate of 1 °C/min. A frequency of 0.5 Hz and an oscillatory stress of 0.5 Pa were applied. In the case of HPMC solutions, the minimum temperature was increased to 25 °C and the oscillatory stress was reduced to 0.05 Pa.
Results and discussion

Gelation
Figure 2a presents the rheology data of a 1.5wt% A4M solution (MC) during a thermal cycle. The solution was heated from 5 to 90 °C and then cooled to 5 °C at a rate of 1 °C/min. Upon heating, the storage modulus, G', was less than the loss modulus, G", in the range from 5 to 56 °C as the sample was in a liquid solution state. Both moduli decreased with temperature showing "viscosity-temperature correlation". 43, 44 After reaching a minimum, a sharp increase, in both G' and G", was displayed in the data as the polymer chains linked together to create a continuous network. At approximately 62 °C, G' became equal to G" and this crossover point was defined as the gelation temperature, T gel . The development of G' slowed beyond 70 °C until a final value of 2042 Pa was achieved at the maximum temperature of 90 °C. In this region, the logarithm of G' became proportional to temperature. Upon cooling both G' and G'' fell with decreasing temperature as the pre-formed continuous network began to dissolve in water. The rate of decrease in the curves increased below 43 °C. When the crossover point of G' and G'' appeared once again, the system transformed from a gel state to a liquid state. This temperature of 33 °C was determined as the dissolution temperature, T dis , in the same manner as T gel .
Below 15 °C, the data returned to the original values, indicating that the gel was thermoreversible and water loss during the measurement was insignificant. An obvious thermal hysteresis was observed between the heating and cooling processes due to kinetic effects. solution. In addition, the E4M solution has a smaller thermal hysteresis with a T gel of 64 °C and a T dis of 52 °C.
In both solutions, the data from the gel regime of G" suffered from instrumental noise, as the response of the gels was close to the limit of sensitivity of the instrument. If a higher stress was chosen, to improve the G" signal, then the noise on G' data increased near the sol-gel transition, as defects were generated by the higher stress. Therefore as G' represents the elastic response, characteristic of a gel, it was felt to be more important to obtain high quality, low noise G' data in the gel regime, thus a low stress was applied.
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Phase separation
Observation of phase separation in MC and HPMC solutions was performed by optical microscopy with a Linkam hot stage accessory. 12 phase separation takes place at the same temperature as the modulus reduction. Once a minimum was reached, G' started to grow at higher temperatures. This result shows that gelation proceeds after phase separation for HPMC solutions and a small thermal gap, ∆T, exists between these two processes. 
Thermodynamic behaviour
The interplay between gelation and phase separation
As outlined above, MC and HPMC solutions exhibit contrasting relationships between gelation and phase separation. Consequently, a combination of mechanical properties and structure is essential to fully understand the interplay of these two processes. 
13 temperature of 33 °C was reached, the gel returned to a liquid state and the bicontinuous structure disappeared.
It is important to note that the domain length of the bicontinuous structure is independent of temperature in both the heating and cooling processes. This behaviour is different to phase separation in non-gelling systems, where the domain length increases with time. 45 The result leads us to believe that the gelation in MC solutions prevents further phase separation, a "pinning phenomenon". Hence, the magnitude of the contrast within the images is dependent on temperature but its size scale is frozen throughout the whole process. thermal gap exists between phase separation and gelation, a water phase forms over the bicontinuous structure via secondary phase separation prior to gel formation. For both cases, turbid gels are always observed at high temperatures as they exhibit heterogeneous structures with sizes bigger than 1 micrometre.
Conclusion
Gelation coupled phase separation in aqueous solution of MC and HPMC have been investigated by microscopy, rheology and tubidimetry. In order to understand the complex thermal behaviour, rheological measurements were used to test mechanical properties during the sol-gel transition, whilst independent optical microscopy and turbidimetry were used to probe the formation of phase separated structures as a function of temperature. MC and HPMC solutions exhibit contrasting structural and rheological properties due to the differences in the interplay between phase separation and gelation.
In a 1.5 wt% A4M solution (MC), the growth of the modulus correlates well with the development of structure as phase separation and gelation proceed almost simultaneously. A bicontinuous structure formed via spinodal decomposition during phase separation with a domain length of approximately 5 μm. Due to the pinning phenomenon, the structure did not growth with a further increase in temperature, i.e. phase separation was trapped by gelation at an initial stage. Although a thermal hysteresis existed between the heating and cooling processes, both gelation and phase separation were completely thermoreversible. G' returned to the original value after a complete thermal cycle resulting in a dissolution of the bicontinuous structure.
In a 2 wt% E4M solution (HPMC), a significant drop in G' was observed at the clouding temperature, this result indicated that gelation took place after phase separation. A bicontinuous structure developed in the thermal gap between phase separation and gelation prior to an increase in G'. At a higher temperature, macropores formed over the bicontinuous structure via "viscoelastic phase separation" linked to secondary phase separation. The final turbid gel exhibited a complex ordered structure that consisted of a polymer-rich phase, a polymer-poor phase and an additional water phase (or an exceedingly polymer-poor phase). In the subsequent cooling process, the macropores disappeared, followed by the dissolution of the bicontinuous structure at low temperatures. As for the MC system, this was also a reversible process.
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